ABSTRACT: The fecundity, larval development, and temperature and salinity tolerances were determined for the varnish clam Nuttallia obscurata (Reeve 1857), a recently introduced species in the Northeast Pacific. Adult varnish clams from 2 populations were collected in British Columbia, Canada throughout the spawning season to determine sex, fecundity, and timing of spawning. Adult varnish clams were also spawned in the laboratory and the larvae reared at a range of temperatures and salinities. The highest larval growth rates were observed in the 20°C and 20 psu treatments. Planktonic duration ranged from 3 to potentially 8 wk, with higher temperatures and salinities resulting in a shorter planktonic phase. Larvae reared at 9°C, and at 10 and 15 psu, grew slowly and survived for a minimum of 1 mo but did not reach metamorphosis. These results indicate that varnish clam larvae have a wide range of salinity and temperature tolerances, but grow optimally at warmer temperatures and higher salinities. Varnish clams have comparable larval environmental tolerances and spawning duration to co-occurring bivalves. However, their fecundity appears to be slightly higher and they reach sexual maturity earlier, potentially providing an advantage in establishing new populations. The lengthy planktonic phase, combined with favourable oceanographic circulation patterns, has contributed to the rapid dispersal and geographic range expansion of the varnish clam in the Northeast Pacific.
INTRODUCTION
The varnish clam Nuttallia obscurata, an infaunal species originally native to Japan, Korea and China, was first reported in the Northeast Pacific in 1991 near Vancouver, British Columbia (BC) (Forsyth 1993) , and was likely introduced via ballast water disposal in Vancouver Harbour (Gillespie et al. 1999) . Its current geographical limits are Smith Sound (51°17.07' N) in BC to the north (Gillespie & Bourne 2004) , and Coos Bay (43°20.27' N), Oregon, to the south. The varnish clam has proven extremely successful in BC, expanding over 500 km and establishing known populations on over one hundred beaches, often attaining very high densities (eg. 800 m -2 ; Dudas 2005) . Although the ecological impacts of this invasion are currently unknown, native predators are known to feed on the introduced species (Gillespie et al. 2001) , possibly altering predator-prey interactions.
Life history characteristics often associated with successful invaders include short generation time, broad diet, and broad environmental tolerances (Ehrlich 1986) . It is worth noting that these same characteristics may also be associated with 'unsuccessful' invaders. However, as the literature is likely biased toward reports of successful invasions, this is difficult to deter-mine. The characteristics that limit an invader may change over the course of the invasion, insofar as the characteristics that facilitate successful colonization (e.g. high fecundity, young size-at-maturity) may not be the same as those that facilitate dispersal and long term population maintenance (e.g. timing of spawning, lengthy planktonic phase, regular supply of immigrants; Vermeij 1996) .
The invasibility of the recipient region will also influence the progression of an invasion. Factors suspected to increase invasibility include low species diversity (Stachowicz et al. 1999) , disturbance (Hobbs & Huenneke 1992) and human activities (Ruiz et al. 1997) . The recipient region must also have a favourable climate and appropriate habitat (Swincer 1986) . For marine invertebrates with a planktonic larval stage, the regional oceanography of the recipient region will be important, not only because of the 'climate' (i.e. temperature and salinity), but also because of mesoscale circulation patterns.
The varnish clam is a broadcast spawner (Miyawaki & Sekiguchi 1999) , with a peak spawning period occurring in the spring and sexual maturity occurring in just 1 yr (Hushan 1994) . Laboratory studies in the Northwest Pacific indicate that the planktonic larvae can develop in temperatures of 15 to 25°C and can metamorphose in waters from 10 to 30°C (Hushan et al. 1997a) . In BC, however, the varnish clam experiences cooler temperatures (i.e. 10 to 15°C) and thus might be expected to have both slower growth and a longer planktonic phase. Understanding the salinity and temperature tolerance of larvae in this region will provide useful information regarding its potential for expanding its distribution in BC, a region where there are many beaches with freshwater influence.
The present study examines the reproductive and early life history characteristics that may have contributed to the rapid spread of the varnish clam in coastal BC. The characteristics examined include: (1) adult sex ratios and fecundity, (2) timing of spawning, (3) larval development, (4) influence of temperature and salinity on larval growth and metamorphosis and (5) dispersal potential in the Northeast Pacific based on planktonic larval duration and regional oceanography. We also compare the varnish clam to co-occurring native and introduced bivalve species in order to highlight the life history characteristics that may have contributed to its success. Understanding the early life history of this species is essential for exploring its dispersal dynamics in the Northeast Pacific and how far (and to what extent) it will spread in the future.
MATERIALS AND METHODS
Sex ratio and timing of spawning. Adult varnish clams were collected from 2 beaches -Robbers Passage, in Barkley Sound on the west coast of Vancouver Island, and Bamberton Provincial Park (Bamberton, hereafter) in Saanich Inlet on the east coast of Vancouver Island, BC (Fig. 1 Fecundity. Varnish clam gonad tissue was dissected from ripe females from both beaches (Robbers Passage n = 63, Bamberton n = 57) throughout the spawning season. Eggs were teased apart from the surrounding tissue to facilitate counting. Eggs were then suspended in seawater and several subsamples counted using a Sedgewick Rafter counting cell. This method for determining fecundity likely underestimates the number of eggs, and should therefore be considered a conservative estimate. Although the maturity of the eggs was not assessed and, therefore, egg counts actually represent 'potential fecundity', for the sake of simplicity the term 'fecundity' will be used hereafter. Adult shell length was measured following Harbo (1997) . Clam size and fecundity relationships were compared between the 2 beaches using analysis of covariance (ANCOVA).
Flesh weights were also compared between sites (Robbers Passage n = 104, Bamberton n = 97). Clams for flesh weight comparisons were collected in January to minimize the influence of differences in gonad material. Flesh was excised from shells and was dried at 60°C until weight was constant. Clam size (i.e. shell length) and flesh weight relationships were compared between the 2 beaches with ANCOVA.
Larval development. Sexually mature adult varnish clams were collected from Robbers Passage and held in 12°C running seawater at the Bamfield Marine Sciences Centre (BMSC). All spawning trials and experiments were conducted using 0.45 µm filtered seawater. To induce spawning, clams were placed in aquaria with 12°C seawater and fed a suspension of algal paste. After 2 h the water was replaced with 25°C seawater. Once spawning began, clams were moved to tanks with clean, filtered, 15°C seawater (31 psu) to simulate typical conditions experienced during the spawning season. Egg and sperm sizes were recorded using an ocular micrometer. Approximately 1000 eggs and 10 sperm were measured to determine size. Upon evidence of fertilization, eggs were filtered gently onto a 20 µm sieve and transferred to 2 l culture vessels. Cultures were held at 15°C, and developmental stage and embryo lengths (longest axis) were recorded approximately every 4 h until they reached the trochophore stage, after which measurements were taken twice a day until the first larval shell (prodissoconch I) had developed.
Temperature and salinity larval rearing experiments. Once the majority of larvae had developed into D-stage veligers (at approximately 48 h), equal numbers of larvae were distributed into duplicate temperature treatments (~500 per replicate) at 9, 15 and 20°C (held at an ambient salinity of 31 to 32 psu), and duplicate salinities of 10, 15 and 20 psu (held at an ambient temperature of 15°C) in 1 l culture vessels (i.e. 500 l -1
). This yielded a total of 12 cultures -2 for each temperature and 2 for each salinity level. Cultures were lightly aerated and water was changed 2 to 3 times a week. All cultures were maintained under an 18:6 h light:dark photoperiod cycle to simulate natural conditions. Larvae were fed a mix of cultured algae Isochrysis galbana and Pavlova lutheri at a rate of 4 × 10 4 cells l -1 d -1 (Strathmann 1987) . In cases where bacterial contamination was observed, cultures were treated with a mixture of penicillin and streptomycin sulfate (Strathmann 1987), which has previously been shown to have no effect on the growth of varnish clam larvae (Hushan et al. 1997b) . Larval shell length and height were measured twice weekly (using 15 individuals per culture) by extracting larvae from the culture, placing them in well slides in water from the culture, and then measuring them with an ocular micrometer mounted in a compound microscope. Larval shell length was defined as the longest axis of the shell parallel to the hinge. Height was defined as the longest axis of the shell perpendicular to the hinge. After measuring, larvae were returned to the cultures unless they had been damaged or killed during the measuring process. Larval shell lengths were averaged for each culture treatment and standard errors were calculated. Metamorphosis was defined as the point at which the larval velum had disappeared and only a foot remained, indicating preparation for the ontogenetic shift from planktonic to benthic existence. Larval period/planktonic duration was defined as the time from fertilization to metamorphosis. Experiments were continued until all larvae had either metamorphosed or died. Larval growth rates between treatments were compared using ANCOVA.
A separate experiment was conducted to determine whether laboratory growth rates were comparable to those observed in the field. Equal numbers of recently fertilized varnish clam eggs were split between a field-rearing chamber and a 2 l larval rearing vessel held at 15°C and 31 psu in the lab. The field-rearing chamber consisted of a capped section of PVC pipe (approximately 20 l in volume) with 2 large windows covered in 53 µm mesh which was anchored off the BMSC dock at approximately 1.5 m depth. A StowAway ® Tidbit data logger was attached to the fieldrearing chamber to monitor temperature during the experiment. Lab and field growth rates were compared using ANCOVA.
RESULTS

Sex ratio and timing of spawning
Sex ratios differed between the 2 populations. The female:male:hermaphrodite ratio in Robbers Passage was 0.46:0.49:0.05, while at Bamberton the ratio was 0.39:0.57:0.04, (with the high proportion of males at Bamberton deviating significantly from a 1:1 sex ratio, chi-square = 22.6, p < 0.0001). The smallest female clam observed (across an overall size range of 1.4 to 6.8 cm) was 2.3 cm in length, and the smallest male was 1.6 cm.
All clams observed at both beaches possessed reproductive tissue (Fig. 2 ) from June to August 2003 and May to September 2002 (when only Robbers Passage was observed). In Robbers Passage, this coincided with seasonal increases in temperature in 2002. The first evidence of spawning occurred as temperature began to rise in June, and tapered off as temperature began to fall towards September (Fig. 3) . Egg puddle observations (Table 1) 
Fecundity
Clams of equivalent size contained approximately 1.5 times more eggs at Robbers Passage than at Bamberton (p < 0.05, F = 5.4, df = 1,116, Fig. 4 ). Egg numbers ranged from 9 × 10 4 to 6 × 10 6 per female at Robbers Passage and 4 × 10 4 to 4 × 10 6 at Bamberton (likely conservative estimates). Egg numbers were highly variable, even among clams of the same length (e.g. 5 cm clam could have 2 to 3 × 10 6 eggs). Flesh weight comparisons showed that Robbers Passage clams generally contained approximately twice as much flesh as Bamberton clams of the same size (p < 0.05, F = 58.3, df = 1, 200, Fig. 5 ).
Larval development
Average oocyte diameter was approximately 55 µm (n = 1000, SE = 1.21). Varnish clam sperm had an average length of 7.1 µm (n = 10, SE = 1.0) not including the flagella (note, however, that this estimate is based on only 10 measurements). Sperm were released in a steady stream and were visible as a milky white fluid. Eggs were released in a similar manner but were less conspicuous. By 3 h postfertilization, eggs were at the 2 to 3 cell stage with unequal cleavages. By 6 h the blastomere had developed into a round ball of multiple cells (70 to 80 µm) and at 16 h the larvae had developed into freeswimming, acorn-shaped, trochophore larvae. By 43 h each larva had developed a straight-hinge, D-shaped shell (70 to 90 µm) and a ciliated velum, a stage typical of marine bivalve development and known as the 'D-stage' or straight-hinge veliger (named for the shape of the first larval shell, the prodissoconch I; Ackerman et al. 1994) . Food was also evident in the larval gut by this stage.
Temperature and salinity experiments
When larvae were reared at 20°C the umbo first appeared on Day 12 (length = 170 µm), the larvae developed into pediveligers by Day 15, and settled out beginning on Day 19 (length = 180 to 200 µm). In the 9°C treatment larval development was extremely slow and only the presence of the umbo was observed by Day 36 (120 µm; Table 2 ). Larvae in the 9°C treatment did not survive long enough to develop further.
At a temperature and salinity approaching ambient field conditions (i.e. 15°C, 31 psu), the umbo began to appear by Day 15 (shell length = 130 µm) signifying the beginning of the second larval shell, the prodissoconch (Table 2) . By Day 33 the larvae in this treatment were at >180 µm in length and possessed only a foot, completing metamorphosis.
In the salinity treatments, larvae reared at 10 psu did not pass the D-stage veliger (even after 30 d in culture). Among larvae reared at 15 psu the umbo appeared at Day 30 (150 µm) but no larvae survived past this stage (Table 2 ). In the 20 psu treatment, larval development progressed at a rate similar to ambient ocean conditions (i.e. 15°C, 31 psu), with the umbo laid down at 20 d (160 µm), progression to the pediveliger by Day 27 (length = 180 µm), and metamorphosis at Day 31 (length = 180 to 210 µm). Larval growth rates differed significantly among temperature treatments (ANCOVA, p < 0.0001, F = 583.1, df = 3,1107). At 20 and 15°C the larval growth rates (2.8 to 3.2 and 1.1 to 2.0 µm d -1 ) were 8 and 3 times higher than those observed at 9°C (Fig. 6A) . The increase in growth rate corresponding to a 10°C increase in temperature (i.e. Q 10 ) was 4.9, indicating strong temperature dependence. Larval growth rates also differed significantly among salinity treatments (ANCOVA, p < 0.0001, F = 31.3, df = 2, 870), with the highest growth rate observed at 20 psu (1.3 to 1.5 µm d -1 ), 5 times higher than 10 psu (Fig. 6B) . Larval size at settlement was ~180 µm, with settlement occurring as early as Day 19 (at 20°C). The oldest larva observed with a velum was 59 d old (from the 15°C treatment), suggesting a planktonic duration of at least 3, to potentially 8 wk.
Larval growth rates in the field and the lab were not significantly different over the first 11 d of culture (ANCOVA, p = 0.176) despite the fact that field temperatures varied considerably (13 to 22°C) while larvae in the lab were held at a constant 15°C. After Day 11, temperatures in the field treatment decreased and the larvae experienced heavy mortality, leaving insufficient numbers to permit further comparison with lab cultures.
DISCUSSION
The varnish clam population at Bamberton in Saanich Inlet had significantly more males than females, which is unusual for gonochoristic species in which the sex ratio is usually either close to 1:1 or skewed slightly towards females (Mackie 1984) . Male-skewed sex ratios are generally uncommon, although they have been observed in some other dioecious bivalve species (Gaspar & Monteiro 1999) . Food levels, differential development rates, and different maximal lengths are all known to influence sex ratio (Sastry 1968 , Marsden 1999 , Baghurst & Mitchell 2002 . Increased frequencies of males typically occur at lower food levels and cooler temperatures (Lee et al. 2003) . Temperature effects are an unlikely explanation for the differences observed here because Saanich Inlet typically has warmer temperatures than Barkley Sound. The presence of pinnotherid (pea) crabs in bivalves has also been associated with sex ratios skewed towards males (Christensen & McDermott 1958) . Interestingly, pea crabs were only observed in Bamberton clams and may have contributed to the higher abundance of males. Another varnish clam population, located about 100 km north of Bamberton, has also been found to have sex ratios skewed towards males and no evidence of hermaphrodites (L. Genn, unpubl. data). In Genn's study, males dominated the smaller size classes but the sex ratio leveled off to 1:1 in larger size classes, suggesting protandry. Whether the skewed sex ratio observed in varnish clam populations at these select sites is due to protandry, environmental differences, pea crab infestation, or a combination remains unclear.
The presence of functional hermaphrodites in varnish clam populations would be advantageous for an invasion. Hermaphrodites occurred in both populations at higher frequencies than those observed (usually ~0.1%) among other dioecious bivalves (Eversole 1986) . However, it is unlikely that these individuals were functionally hermaphroditic, since the gonads did not appear to be regionally distinct or in separate zones (Mackie 1984) . High frequencies of hermaphrodites and skewed sex ratios are often indicative of stressful environments (Eversole 1986 ), which may have contributed to the increase in hermaphrodites observed here due to the colder temperatures (i.e. relative to its native range) experienced by varnish clams in BC.
Small size-at-maturity enables varnish clams to reproduce quickly after settling, further increasing the chance of a successful invasion. The smallest varnish clams observed with eggs and sperm were 2.3 and 1.6 cm, respectively. A more detailed reproductive study of varnish clams reported reproductive clams as small as 0.8 cm (L. Genn, unpubl. data). Assuming that 1.6 to 2.2 cm varnish clams are 1 yr old (Choi 2001) , this means that most of the varnish clams in the Bamberton and Robbers Passage populations reach maturity in their first year. This is quite young compared to cooccurring native bivalves that typically do not reach maturity until 2 to 3 yr (Table 3) . Early maturation and high fecundity would provide further advantages to the varnish clam in the early stages of establishment (Bohn et al. 2004) , and have likely contributed to its rapid increase in abundance. The fecundity of varnish clams is comparable to similar-sized local species at Robbers Passage and Bamberton (Table 3) .
Similar to other bivalves in coastal BC (including native and introduced species), varnish clams spawn from late spring to early fall (Table 3 ). The spawning period begins just prior to the seasonal increase in temperature, indicating that larvae are developing in waters from approximately 13 to 16°C. The consistent observation of egg puddles on the sand has not generally been documented for other bivalves in BC, although it has been observed on rare occasions during mass spawnings of butter clams (Neil Bourne, pers. comm.). The eggs remain viable (S. E. Dudas unpubl. data) despite their exposure, allowing them to be fertilized on both outgoing and incoming tides, and may provide an advantage for increasing fertilization success.
The varnish clam exhibits a larval development pattern typical of marine bivalves (Quayle & Bourne 1972 , Sastry 1979 , Ackerman et al. 1994 . Its size at settlement is comparable to, or smaller than, other similar sized, soft-bottom bivalves with which it occurs (Table 4) . Differences in larval rearing temperatures and salinities make it difficult to directly compare larval growth rates across species. However, there is no evidence that varnish clam larvae exhibit significantly faster growth than local bivalve species do (Table 4) . Varnish clam larvae reared in a Japanese laboratory study grew faster (Hushan et al. 1997a ) than the growth rates observed here (approximately 2 µm d -1 faster at 15°C and 1 µm d -1 at 20°C). In addition to the co-occurring introduced bivalves 201 Table 3 . Nuttallia obscurata. Egg size, fecundity, size/age-at-maturity and timing of spawning for the varnish clam and co-occurring bivalve species. Source = 1: Choi (2001) , 2: L. Genn (unpubl. data), 3: Ponurovsky & Yakovlev (1992) , 4: DFO (1999a), 5: Quayle & Bourne (1972 ), 6: Bourne (1982 ), 7: Loosanoff & Davis (1963 ), 8: Brousseau & Baglivo (1982 ), 9: Abraham & Dillon (1986 ), 10: Goodwin & Pease (1989 ), 11: DFO (2000 ), 12: DFO (1999b ), 13: Strathmann (1987 ), 14: Bourne & Smith (1972 ), 15: Harvey & Vincent (1989 ), 16: Honkoop & van der Meer (1997 (Levings et al. 2002) . Many of the species share common larval characteristics with the varnish clam such as a long planktonic larval phase, and the ability to tolerate a range of environmental conditions (Morton 1974 , Kristensen 1979 , Quayle 1988 ).
Temperature had a stronger effect on the growth of varnish clam larvae than did salinity, similar to local bivalve larvae (Culliney et al. 1974) . In their native range, varnish clam larvae will only develop at salinities of 24 to 31 psu (Hushan et al. 1988) . In coastal BC, however, the larvae are able to develop at salinities as low as 20 psu, and at growth rates equivalent to those observed at ambient salinity (30 psu) at the same temperature. Overall, despite the fact that its temperature and salinity tolerances are no greater than those observed for native species (Table 4) , the larvae are capable of tolerating a wide range of conditions and appear to have a slightly longer planktonic phase.
The lengthy larval planktonic duration of the varnish clam has implications for its dispersal in coastal BC. Fig. 7 shows the surface circulation patterns in the Northeast Pacific during the summer. Average summer current speeds in BC range from 10 to 50 cm s -1 (Thomson 1982) . Thus, assuming that the larvae behave as passive particles (i.e. lacking any vertical migratory behaviour), even a 10 cm s -1 current would be sufficient to carry them 180 km in just 3 wk. Timing of spawning indicates that temperatures are approximately 15°C when the larvae are in the water column, corresponding to a planktonic larval duration of at 202 Abraham & Dillon (1986 ), 6: Pekkarinen (1986 ), 7: Drent (2002 ), 8: Goodwin & Pease (1989 ), 9: Goodwin (1973a , 10: Goodwin et al. (1979 ), 11: Quayle & Bourne (1972 , Shaw (1986) , Chew & Ma (1987) (Gillespie et al. 1999) , the varnish clam has already traveled approximately 500 km to reach its current northern limit on the west coast of Vancouver Island and 900 km to its southernmost population in Oregon. The physical oceanography in this region during the spawning period likely facilitated the invasion, by dispersing the larvae throughout regions where suitable habitat is abundant (i.e. the Strait of Georgia).
These oceanographic circulation patterns have played a role in past exotic species introductions as well. The Manila clam Venerupis philippinarum, a native of Japan, followed a similar invasion route in the 1930s (Bourne 1982) , highlighting the importance of Vancouver Harbour as a hotspot for the introduction of nonindigenous species into the Strait of Georgia and nearby regions such as Puget Sound. The port of Vancouver is particularly susceptible to introductions due to its location in relation to oceanographic currents, and the fact that it is one of the endpoints for shipping traffic entering the Strait of Juan de Fuca (one of the busiest shipping corridors in North America). When invertebrate species with extended planktonic larval stages are introduced into this area they are likely to be rapidly dispersed not only throughout BC but also southwards towards Washington and Oregon.
The main steps in any invasion are the initial introduction and successful establishment of the species, followed by the expansion of populations in the new region (Vermeij 1996 , Williamson & Fitter 1996 . For the varnish clam, small size-at-maturity likely contributed to its rapid establishment, allowing new settlers to reproduce within one year. Likewise, its high fecundity, lengthy planktonic phase and the favourable regional oceanographic circulation have also contributed to the rapid range expansion, dispersing larvae to the large number of suitable shellfish beaches in the Strait of Georgia. Other factors that may have contributed to its success include fast growth rate at small sizes, high survival rates, and its ability to occupy a niche previously devoid of other bivalves (i.e. high intertidal; Dudas 2005) . The varnish clam invasion of the Northeast Pacific demonstrates how quickly an invader can establish and spread, when it possesses life history characteristics suited for both establishment and dispersal, particularly when these characteristics are supplemented with oceanographic circulation patterns that favour rapid dispersal throughout the recipient region. Fig. 7 . Nuttallia obscurata. Generalized summer surface circulation patterns in northeast Pacific. Arrows = current direction. Circle = Tully eddy off the mouth of Juan de Fuca. Bars = current varnish clam distributional limits. Based on data from Thomson (1982) , Gillespie et al. (2001) and Gillespie & Bourne (2004) 
